Purpose Colorectal cancer (CRC) survivors who remain fatigued during long-term follow-up are at risk for worse health outcomes and need relevant interventions most. The aim of this study is to prospectively assess cancer-related fatigue (CRF) and four categories of CRF correlates (clinical characteristics, demographic characteristics, behavior/well-being, functional status). Methods CRC survivors diagnosed between 2000 and 2009, as registered in the population-based Eindhoven Cancer Registry, completed the Fatigue Assessment Scale at three annual time points. Linear mixed models were used to assess the course of CRF and identify its correlates. Results CRF levels were relatively stable over time. Being female, young (≤65 years of age), and single; having a low educational level; treatment with chemotherapy; and having one or more comorbid conditions were associated with higher CRF scores. Years since diagnosis, radiotherapy, and disease stage were not related to CRF over time.
Introduction
Improvements in early detection and treatment have increased colorectal cancer (CRC) survival rates [1] . In the Netherlands, there were about 77,000 CRC survivors in 2009, which is expected to increase to 121,000 in 2020 [2] . The majority (>56 %) of the CRC patients survive relatively long (>10 years after diagnosis) [3] . Despite these advancements, cancer treatments may put cancer survivors at risk for long-term side effects. With more patients surviving longer, the long-term effects of cancer and its treatment on the survivors' wellbeing are of increasing importance.
An important long-term effect of cancer and its treatment is cancer-related fatigue (CRF). CRF is defined as a subjective sense of physical, emotional, and/or cognitive tiredness or exhaustion that is not proportional to recent activity and interferes with usual functioning [4] . CRF is the most common symptom experienced by cancer survivors, with prevalence rates of up to 99 % among survivors directly after diagnosis and during treatment [5] . Among CRC survivors, prevalence rates range from 41 % among short-term survivors (<5 years since diagnosis) and 35 % among long-term survivors (≥5 years since diagnosis) [6] . Cancer survivors indicate that CRF is more troublesome and has a greater negative impact on health-related quality of life (HRQoL) and daily activities than other distressing cancer symptoms, like pain and depression [7] . Given the high prevalence and impact of CRF, it is an important target for identification and treatment.
The causes underlying CRF are still not well understood. However, it is hypothesized that CRF is rooted in both biology and behavior [8] . In a recent recommendation paper, a conceptual framework was proposed whereby five categories of CRF correlates were identified: clinical characteristics (e.g., disease stage, treatment), demographic characteristics (e.g., age, sex), behavior/well-being (e.g., anxiety, pain), functional status (e.g., performance status), and biologic status (e.g., cytokine function) [8] . Although studies show that prevalence rates of CRF diminish during post-treatment follow-up, more insight is needed into the longitudinal course of CRF during long-term survivorship and the correlates that contribute to CRF over time. Survivors who remain fatigued during longterm follow-up are at risk for worse health outcomes and need relevant interventions most [8] . To achieve personalized management of CRF, insight into the correlates of CRF among long-term survivors is needed to identify subgroups of survivors at risk of remaining fatigued and also the correlates for intervention. Therefore, the aim of this study is to prospectively assess CRF and its correlates among CRC survivors. An adapted version of the conceptual CRF correlates framework will be used for our study (Fig. 1) . We have not included the biological status dimension of the original model in our study, as the Patient Reported Outcomes Following Initial treatment and Long term Evaluation of Survivorship (PROFILES) registry currently does not collect biological data.
Methods

Setting and population
This study is part of a longitudinal, population-based survey among CRC survivors registered within the Eindhoven Cancer Registry (ECR) of the Comprehensive Cancer Centre Netherlands. The ECR records data on all individuals who are newly diagnosed with cancer in the southern part of the Netherlands, an area with 2.3 million inhabitants, 18 hospital locations, and two large radiotherapy institutes. All individuals diagnosed with CRC between 2000 and 2009 as registered in the ECR were eligible for participation. Survivors who had died prior to start of the study (according to the Central Bureau for Genealogy which collects information on all deceased Dutch citizens via the civil municipal registries and hospital records) or had unverifiable addresses were excluded. Also, survivors with severe cognitive impairment (e.g., dementia) were excluded because it was expected that they would have difficulties completing the questionnaires without assistance. The study started in December 2010 (T1), and respondents received a subsequent questionnaire in 2011 (T2) and 2012 (T3 Fig. 1 Correlates of cancer-related fatigue selection of survivors can be found in Fig. 2 . Ethical approval for the study was obtained from a local certified Medical Ethics Committee of the Maxima Medical Centre Veldhoven, the Netherlands.
Data collection
Data collection was done within PROFILES. PROFILES is a registry for the study of the physical and psychosocial impact of cancer and its treatment from a dynamic, growing population-based cohort of both short-and long-term cancer survivors. PROFILES contains a large web-based component and is linked directly to clinical data from the ECR. Details of the data collection method were previously described [9] .
Study measures
Fatigue CRF was assessed with the Fatigue Assessment Scale (FAS), a questionnaire consisting of ten items. The response scale is a five-point scale (1 never to 5 always), and total scores can Fig. 2 Flow chart of the study range from 10 to 50. Survivors can be divided into two groups based on total FAS scores [10] : not fatigued (as defined by a score of 10 to 21) and fatigued (22 to 50). The psychometric properties are good [11] .
Clinical characteristics
Clinical information was available from the ECR that routinely collects data on tumor characteristics, including date of diagnosis, tumor stage, primary treatment, and survivors' background characteristics. Comorbidity at the time of survey was assessed with the adapted Self-Administered Comorbidity Questionnaire (SCQ) [12] . Questions on height and weight were added to the questionnaire to calculate body mass index (BMI).
Sociodemographic characteristics
Questions on marital status and educational level were added to the questionnaire.
Behavior/well-being
Well-being (or HRQoL) was measured by the Dutch version of the validated European Organization for Research and Treatment of Cancer Quality of Life Questionnaire-Core 30 (EORTC QLQ-C30) [13] . This 30-item HRQoL questionnaire consists of five functional scales, of which only the emotional, social, and cognitive functioning scales were used in this study, a global health status scale, three symptom scales, and single symptom items (only the insomnia and pain items will be used). Answer categories range from one (not at all) to four (very much). All scales are linearly transformed according to the guidelines of the EORTC [13] , to reach a scale range of 0 to 100. A higher score on the functional scales and global quality of life implies better HRQoL, while a higher score on the symptom scales and items implies more symptoms.
Symptoms of anxiety and depression were assessed with the Hospital Anxiety and Depression Scale (HADS), with seven items each for assessing both anxiety and depression [14] . All items were scored on a zero-to three-point scale, with higher scores indicating more symptoms. A sum score was calculated for both scales, which can range from 0 to 21.
Functional status
Functional status was assessed with the physical and role functioning scales of the EORTC QLQ-C30 [13] and a selfdesigned question on employment status which was added to the questionnaire.
Physical activity level as a dimension of functional status was assessed with questions derived from the validated European Prospective Investigation into Cancer (EPIC) Physical Activity Questionnaire [15] . Survivors were asked how much time they spend on the following activities (average number of hours per week (h/week), in summer and winter separately): walking, bicycling, gardening, housekeeping, and sports. Six separate sports could be specified. Total PA was calculated by summing hours/week of all activities. To include an estimate of intensity, metabolic equivalent intensity values (MET) were assigned to each activity, according to the compendium of physical activities [16, 17] . The duration of moderate to vigorous physical activity (MVPA) was assessed as time (h/week) spent on walking, bicycling, gardening, and sports (≥3 MET), excluding housekeeping and light intensity sports (<3 MET).
Statistical analyses
Differences in sociodemographic and clinical variables between respondents and non-respondents were examined with analysis of variance (ANOVA) for continuous variables and chi-square tests for categorical variables, where appropriate. Potential non-response bias during follow-up was assessed by comparing the characteristics of survivors who responded to all three waves (full respondent), with those who responded to either two or one data wave. All further analyses were based on survivors who responded to all three waves.
The course of CRF and the individual associations between each independent variable and CRF over time were analyzed using linear mixed models (covariance pattern model with an unstructured error covariance matrix and maximum likelihood estimation) [18] . This technique uses data efficiently by also including incomplete cases in the analyses. As a result of this, bias is limited and statistical power is preserved. Linear mixed models were used to adjust for the dependence of observations. In order to correctly interpret all model parameters, all continuous variables were grand mean centered [18, 19] . Time was analyzed as a regular categorical predictor with three levels (i.e., three time points). Sociodemographic and clinical variables were analyzed as time-invariant predictors (i.e., baseline characteristics were used).
In the first step, we developed a longitudinal linear mixed model by putting CRF as a dependent variable in the regression equation and one variable of interest, time, and the possible confounders as independent variables. Confounders were chosen based on a priori assumptions: age, gender, having a partner, educational level, years since diagnosis, disease stage, treatment, and number of comorbidities. The confounders were also assessed for their association with CRF.
In the second step of the longitudinal data analyses, we examined the between-subject and within-subject effects for each continuous independent variable separately. Differences in CRF can occur because survivors differ in the independent variable (between-subject) or because a survivor differs over time in the independent variable (within-subject). Therefore, the between-subject estimate determined if differences in the independent variable between survivors resulted in differences in CRF. This estimate was represented by survivors' average amount of CRF reported during the study across the three measurements. The within-subject estimate determined causal relations by assessing if changes in the independent variable within a participant were related to changes in CRF and was represented by the difference between survivors' CRF at a certain point in time and his/her average CRF during the study. The between-subject and within-subject estimates were simultaneously entered in the linear mixed models together with the possible confounders and two dummies for time, with T1 as reference category, as independent variables and CRF as dependent variable.
Furthermore, cross-sectional multivariate linear regression analyses were used to assess the conjoint association between multiple independent variables and CRF at T1. The explained variance at T1 was assessed for the following domains: sociodemographic factors, clinical factors, behavior/well-being, and functional status. Linear regression analyses were more appropriate than linear mixed models to assess the explained variance, and therefore, we examined the conjoint association at one time point instead of over time.
Analyses were performed in IBM SPSS 22.0, using significance level of α=0.05.
Results
Sociodemographic and clinical characteristics of respondents and non-respondents at T1
The questionnaire was completed by 73 % of survivors (n= 2625) at T1, 83 % (n=1643) at T2, and 82 % (n=1458) at T3. Respondents at T1 were significantly younger, were more often male, had a longer time since diagnosis, were more often diagnosed with stage I disease, and were more often treated with radiotherapy compared to non-respondents at T1 (all p<0.05; data not shown). Furthermore, respondents at T1 more often received radiotherapy and were more often male compared to survivors with unverifiable addresses at T1 (p<0.05; data not shown).
Differences between CRC survivors who completed one or more than one questionnaire CRC survivors who completed only one questionnaire were older at time of first enrollment, were more often female, were less likely to have a partner, were less likely to have a job, were not meeting the physical activity guidelines, and were more fatigued compared to those who completed two or more questionnaires. In addition, they were more often diagnosed with disease stage IV and, thus, less likely to receive radiotherapy and surgery as primary treatment.
CRC survivors who completed only one or two questionnaires had a lower educational level and reported more comorbid conditions, more symptoms (anxiety, depression, pain), less functioning (physical, role, emotional, cognitive, and social), and lower quality of life compared to those who completed all three questionnaires.
No differences were found in time since diagnosis, receiving chemotherapy in addition to surgery as primary treatment, BMI, and insomnia (Table 1) . Figure 3 shows that the CRF levels were relatively stable over time. Mixed model analysis also showed no significant effect of time ( Table 2 ).
Factors longitudinally associated with CRF
All sociodemographic factors were significantly associated with CRF levels over time ( Table 2) . Male CRC survivors reported, on average, 1.24 points lower levels of CRF than female survivors. Furthermore, survivors ≤65 years of age reported, on average, 0.62 points higher CRF levels compared to survivors >65 years of age. CRC survivors who have a partner scored 0.82 points lower on CRF than survivors without a partner, and survivors with a high educational level score 1 point lower on CRF compared to those with a medium or low educational level.
Regarding clinical characteristics, survivors who received chemotherapy as primary treatment scored 0.86 points higher on CRF compared to their counterparts. Survivors with two or more comorbid conditions reported higher levels of CRF compared to those with one (0.80 points) and no comorbid conditions (1.63 points). BMI was positively associated with levels of CRF (B=0.12). Years since diagnosis, disease stage, and radiotherapy as primary treatment were not associated with levels of CRF over time.
Significant between-and within-subject effects were found for all well-being (social, emotional, cognitive functioning, and global quality of life) and symptom factors (anxiety, depression, pain, and insomnia).
In addition, significant between-and within-subject effects were found for all functional status variables (physical and role functioning, MVPA levels), except for occupational status which was not related to CRF levels over time among CRC survivors ( Table 2) .
Conjoint associations with CRF
At T1, 4 % of the differences in levels of CRF could be explained by sociodemographic factors, 8 % by clinical factors, 59 % by behavior/well-being, and 37 % by functional status. Of the behavior/well-being correlates, the highest variance in CRF could be attributed to differences in levels of depression (14 %), cognitive functioning (15 %), and global quality of life (12 %). Of the functional status correlates, the highest variance in CRF could be explained by physical 
Discussion
This study examined the course of CRF over time and its correlates among CRC survivors using a model adapted from a previously proposed conceptual framework. According to our results, multiple factors were associated with CRF over time: sociodemographic (sex, age, partner, educational level), clinical (chemotherapy, comorbid conditions, BMI), behavior/ well-being (insomnia, pain, anxiety, depression, social, cognitive, and emotional functioning), and functional status (physical and role functioning, being employed, physical activity). The total model explained 63 % of the variance in CRF. The differences in CRF levels could, for a large part, be attributed to differences in behavior/well-being and functional status and, to a lesser extent, sociodemographic and clinical characteristics. The CRF levels were relatively stable over time, although significant within-person effects were found for behavior/well-being and functional status variables, which could be due to disease progression. All demographic characteristics were associated with levels of CRF, which is in accordance with the current literature and identifies groups at high risk for CRF. Younger cancer survivors, females, and lower educated survivors were more likely to feel fatigued [20] [21] [22] . Survivors with a partner were less likely to be fatigued, indicating the emotionally and instrumental supportive role of social support in addressing CRF [23] .
Several studies among short-term cancer survivors found strong associations between clinical characteristics and levels of CRF [20, 24] . Our study among longer-term cancer survivors did not find significant temporal associations between disease stage, type of primary treatment, time since diagnosis, and levels of CRF, indicating that these factors become less important over time. Nevertheless, we found that survivors with two or more comorbid conditions were more likely to feel fatigued than those with either only one or without comorbidity. Similarly, other studies have reported that increasing numbers of comorbid conditions were associated with CRF [25] . We previously found that comorbidity explained a greater proportion of the variance in CRF scores among cancer survivors than clinical or sociodemographic variables [26] .
Our results show that behavioral factors and well-being are significantly associated with CRF levels over time, which is consistent with previous literature demonstrating significant influences of physical distress factors like pain and insomnia and psychological distress factors like depression and anxiety on CRF [27] . It may be that these symptoms arise through a common pathway as previous research on inflammation and CRF suggests that tumors and the treatments used to treat them activate proinflammatory cytokines, leading to CRF and other symptoms [28] .
Several previously conducted studies found significant associations between physical fitness and physical activity and levels of CRF among cancer survivors [27] , which is in accordance with our finding of a negative association between functional status and CRF. Physical activity can counteract physical deconditioning and directly influence levels of CRF, or it can reduce CRF indirectly by its beneficial effects on mood, immune functioning, or sleep [27] . Most sociodemographic characteristics remain stable over time. On the other hand, behavioral/well-being factors and functional status may be subject to change. Although the CRF levels remained relatively stable over time in our study, we did find within-subject effects for all behavioral/well-being and functional status factors. This indicates that levels of CRF can change by influencing these factors by means of interventions. Some interventions have shown efficacy in reducing CRF. Meta-analyses showed that psychosocial interventions (cognitive behavioral therapy, supportive-expressive therapy, education/counseling, behavioral/relaxation therapy) had a small to moderate effect on CRF [29] [30] [31] , exercise interventions had a near moderate effect in reducing CRF [29, [31] [32] [33] [34] [35] [36] , and pharmacological interventions with methylphenidate, a sympathomimetic psychostimulant, was more effective in reducing CRF than a placebo [37] . Nevertheless, it remains unclear which intervention (or combination of interventions) is best for each individual. A factor that makes the treatment of CRF complicated is that other symptoms such as pain, insomnia, and psychological distress frequently co-occur with CRF, as our results also indicate. The exact mechanisms of this cooccurrence are unclear: are all symptoms caused by cancer and its treatment? Are high pain levels causing high CRF levels or the other way around? And, which symptom(s) do we need to treat? It can be hypothesized that survivors with high levels of CRF and psychological distress will benefit most from a psychosocial intervention, while survivors with lower physical fitness will benefit from an exercise intervention. To personalize treatment of CRF, it may be an option for future studies to take a network approach. Instead of interpreting symptoms as a function of a set of underlying/latent factors, the network approach conceptualizes symptoms as mutually interacting, often reciprocally reinforcing elements of a complex network. Thus, rather than interpreting symptoms as measurements of a latent variable, symptoms are viewed as part of a causal system [38] . These causal systems can be different for each individual depending on centrality (which symptom is most important in one's network), connectivity (which symptoms are connected and how well are they connected), and distance (how long does it take for one symptom to influence another symptom). By studying the network of an individual cancer survivor, it becomes possible to target interventions at particular part of a person's network (e.g., the central symptom such as CRF) [39] . Some limitations of the present study should be mentioned. First, although information was present regarding demographic and clinical characteristics of the respondents and non-respondents, it remains unknown why non-respondents declined to participate. In addition, the differences found between respondents and non-respondents limit the generalizability of our results. Second, although our study has a longitudinal study design, it is still not possible to determine causality among the study variables, since the associations could also be influenced by variables that were not measured in the study. Further, we used the EORTC QLQ-C30 to assess different aspects of well-being; however, it could be argued that some constructs (e.g., cognitive functioning) could better be assessed with more specific questionnaires or even objective measures. Because all participants were CRC survivors, we can only generalize our results to this group of survivors. Last, we assessed an adapted model, as we do not have biological data. Nevertheless, this large population-based longitudinal study with good response rates provides a comprehensive view on several factors related to levels of CRF over time.
To conclude, this study showed that sociodemograpic and clinical factors were associated with CRF levels over time among CRC survivors; however, well-being, cancer-related symptoms, and functional status explained a larger part of the variance in levels of CRF. Open Access This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http:// creativecommons.org/licenses/by-nc/4.0/), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
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